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W
�

epresentthedesign,implementationandtestingof ahigh-efficiency, high-resolutiontransmission
grating� spectrometerfor measurementsof near-ultraviolet to visible-rangespectraof light from an
electron� beamion trap, wheregeometryis constrained.The systemconsistsof two 5 in. diameter
f
�

/4.6
	

achromaticlenses,a 6 in. diametertransmissiongratingion-beametchedin fusedsilica, and
a
 thinned, backilluminatedCCD detector. The simple designminimizes the numberof optical
components,� eachwith optimal throughputandhigh efficiency. Using a 30 � m wide entranceslit,
a
 resolving power ( 
 /

	����
)
�

of 15400 at ��� 3850
�

Å has been demonstrated.The featuresand
limitations
�

of the instrumenthavebeenexploredandan in
�

situ calibration� techniquefor useon the
LivermoreEBIT-II andSuperEBITelectronbeamion trapshasbeendeveloped.© 2002 American
Institute of Physics. � DOI: 10.1063/1.1510574�

I. INTRODUCTION

Much
�

current understandingof the physical world has
come� from atomicspectroscopy. Preciselymeasuredspectra
can� beusedto answerquestionsrelatedto a varietyof physi-
cal� phenomenain suchfieldsasatomicphysics,astrophysics,
plasma� diagnostics,nuclearphysics,etc.Atomic transitions
with� optical wavelengthsare regularlyusedas indicatorsof
plasma� parameterssuchas temperatureanddensityin a va-
riety� of plasmadevices.Precisionmeasurementsrequirein-
strumentation� which canefficiently collect anddispersethis
radiation,while remaininguncomplicatedandversatile.

Among
 

the variouslight sourcesappliedto the studyof
multiply! charged ions, the electronbeamion trap1 has

"
ma-

tured
#

into a superiortool which allows systematicobserva-
tion
#

of the spectraof ions in nearly any charge state.Mea-
surements� on the SuperEBIT electron beam ion trap at
Lawrence
$

Livermore National Laboratoryhave beenmade
on% ions up to Cf96

&('
.2,3
)

Typically, the radiationemittedin electronictransitions
of% highly charged ions is in or nearthe x-ray region of the
electromagnetic� spectrum.Therefore,historically, most of
the
#

spectroscopyperformedon electronbeamion trapshas
been
*

focusedon thestudyof hardx ray, soft x ray, andEUV
radiation.� However, therearelow-lying levels in the ground
configurations� of manyhighly chargedions,andtheir decay
leadsto the emissionof low-energy photons.This scenario
has
"

first beenconfirmedwhenidentifying someof the then-
mysterious! visible spectrallines in the spectrumof the solar
corona.� 4 Subsequently

+
, suchlines havebeenusedin the di-

agnostics
 of hot low-densityplasmas.5
,

Electron
-

beamion trap measurementsof optical radia-
tion
#

in the UV throughvisible band,of transitionsthat con-
nect low-lying fine structurelevels, were first reportedby

Morganet. al.6
/

who� employeda scanningspectrometer. Fur-
ther
#

studiesat variouselectronbeamion trap 0 EBIT1 facili-
ties
#

mostly used moderate-resolutionmonochromators
equipped� with reflection gratings, either as scanning
instruments7–9

2
or% with multichanneldetectors.10,11 Additional

measurements! employeda prism spectrometerwith a multi-
channel� detector.12,13 One

3
measurement used an

interferometer14 to
#

study the profile of a single line. Bieber
et. al.9

&
arranged
 a complexoptical set-upfor precisewave-

length
�

determinationsof a few spectrallines.Theothermea-
surements� gavepreferenceto spectralcoverageover resolu-
tion
#

andprecision.
Although the survey instrumentshave proven to work

well� for measurementsof intense transitions, the spectra
regularly� are much more complexthan can be disentangled
at
 this level of spectralresolution.Prism-basedsurveyinstru-
mentshavebeenshownto beexcellentfor finding andiden-
tifying
#

fine structure (M
4

1) transitions in highly charged
ions,
5 13,15 but

*
the nonlinear calibration curve and the low

resolutionhindereddetailedphysicsstudieson suchlines.
Furthermore,
6

it is often the casethat a transitionof in-
terest
#

is soweakthatsingle-photoncountingis requiredover
extended� periodsof time. Examplesarethe hyperfinetransi-
tions
#

in the groundstatesof high-Z hydrogen-likeions,16–18

the
#

equivalentof the21 cm line of atomichydrogenthatis so
widely� exploited in radioastronomy. Therefore,optical effi-
ciency� is alsoof greatimportance.

In order to addressthe needfor higher resolutionand
concurrently� higher detectionefficiency, we designedand
built
*

two newopticalspectrometersfor useon theLivermore
EBIT-II andSuperEBITelectronbeamion traps.The design
goals� includednot only precisionand collection efficiency,
but
*

alsoversatility andreasonablysimplehandling.Further-
more,! the limited spacenearthe electronbeamion trap sug-
gests� an elongateddesignthat alsoplacesthe detectoraway
from the strongmagneticfields nearthe trap, which differs
from
7

the traditionalV shapeof most grating spectrometers.
While
�

additionalmirrors might remedythe geometriccon-
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straints,� the numberof optical componentsbetter be mini-
mizedto preventadditionallight losses.Out of theseconsid-
erations� a custom-opticstransmissiongrating spectrometer@
TGS
A B

,C optimizedfor the low-light environmentof an elec-
tron
#

beamion trap light source,was designedand built D in
two
#

slightly differentversionsE .

II. INSTRUMENT LAYOUT

The
A

TGS hasbeendesignedaroundits key element:a
highly
"

efficientfusedsilica transmissiongrating.This typeof
grating� wasdevelopedat LLNL 19 to

#
be usedin high-power

ultravioletF laser systems G i.e., with frequency-tripledNd:
glass� laser light at HJI 3510

�
Å) where transmissioneffi-

ciency� is critical, becausethermal loadson the optical ele-
mentshaveto be minimized.Eachgratingconsistsof a pat-
tern
#

of deepnear-rectangulargrooveswith a 350nm spacing.
The
A

equallywide groovesandridgesareetchedinto a 6 i% n.K
152 mmL diameter

M
, 1/4 in. thick quartzplateby techniques

of% interferencelithography.20,21
)

An antireflectivecoatingwas
deposited
M

on the grating’s back surface.The geometryof
highest
"

diffraction efficiency N optimized% for the aforemen-
tioned
#

third harmonicof the Nd:glasslaserO requiresincom-
ing and outgoing light ( P first orderQ both

*
at 30° from the

grating� normal.Then the R first
S

order falls into the grating
surface,� wherethe light wavecoincidesin spatialfrequency
with� thegratingpattern.Measurementsof gratingsmanufac-
tured
#

in this way haveexhibitedefficienciesof nearly 94%T
for
7

one polarizationU into
5

diffraction order mVXWZY 1 at 30°
incident
5

angleandbetterthan85% [ averaged
 over both po-
larizationsor for unpolarizedlight\ at
 incident anglesfrom
25°–35°.19 This high efficiency of diffraction into a single
order% is decisivefor the high throughputof our instrument.

The
A

TGSoptical layout,shownin Fig. 1, is quitesimple.
Eachspectrometercomponentis rigidly mountedto a por-
table
#

lightweight aluminum optical table, and black-
anodized,
 aluminum-sheetwalls and top lids shield the en-
closure� againstambientlight. Light is collectedby a 5 i] n.
(
^`_

130mm) diameter f
�

/4.6
	

achromaticplanoconvexcolli-
mator! lenswith the sourcepositionedat the focus.The par-
allel
 light is then transmittedthrough the grating, and the
dif
M

fractedraysarecollectedby a secondlensidenticalto the
first. The light is focusedat the surfaceplaneof a thinned,
backilluminated,
*

cryogenicallycooledCCD detectorto pro-
videa a one-to-oneimageof the light source.The CCD cam-
era� chip hasa sizeof about25 mm squareanda pixel spac-
ing of 25 b m. Edgeor bandpassfilters may be insertedto

provide� reductionof backgroundsignal,especiallyin thered
from
7

the electrongun filament glow. At eachspectrometer
setting,� a wavelengthrangeof about130 Å is beingcovered
by
*

this multichanneldetector. For changesof thewavelength
setting,� theCCD camerais beingmovedsidewayson a trans-
lation stageshownschematicallyin Fig. 1.

III. SPECTROMETER PERFORMANCE

The
A

TGS performancewastestedoffline usingstandard
spectral� lamps shined through a narrow slit—a 30 c m!d

1 cm rectangularaperture—mountedonto the entrance
port� of thespectrometerhousing.Figure2 showsa spectrum
obtained% using a Pt/Ne hollow-cathodelamp as the light
source.�

The Pt/Ne lamp was chosen becauseit has well-
characterized� spectral features, making it the calibration
source� of choice throughoutthe near UV and visible. The
lamp
�

was developedas the primary calibration sourcefor
several� astrophysicalsatellitessuchas the InternationalUl-
traviolet
#

Explorer satellite as well as the Goddard High
Resolution
e

Spectrographand the Faint Object Spectrograph
of% theHubbleSpaceTelescope.22 A

 
completelisting of all of

the
#

Pt/Nelamp featurescanbe found online.23
)

The
A

TGSspectraldispersionwasdeterminedempirically
usingF thirteen of the strongestlines in the rangeshown in
Fig. 2. The centroidpositionsof the lines were determined
by
*

a Gaussianleast-squaresfit usingthePEAK FIT MODULE of%
the
#

MICROCAL
f

ORIGIN software� package,allowing for optimi-
zationg of the line positions,peak heights,and widths; the
widths� were constrainedto be the same for all features.
Thesepositionswere then fit with a third-orderpolynomial
to
#

yield the dispersionrelation.
A
 

secondseriesof spectrawasobtainedusingthe same
setup,� but using a Gd/Ne lamp as the source h see� Fig. 3i .
Again, the line positionsweredeterminedj in units of chan-
nelsk l pixels� m of% the detectorn and
 convertedto wavelengths
usingF the dispersionrelation obtainedwith the Pt/Ne lamp.
Sixty-six
+

spectralfeatureswerefit. TheFWHM wasfoundto

FIG.
o

1. Diagramof the TGS optical system.

FIG.
o

2. Spectrumobtainedfrom theaverageof thirty 10msexposuresusing
a Pt/Ne lamp for the source.The markedlines arethoseusedto determine
the
p

spectrometer’s optimal resolvingpowerandspectraldispersion.
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be
*

1.9 channels,or equivalentto 0.25Å at the centerof the
spectrum.� Of thesemeasuredlines, 32 spectrallines were
found in the standardtablespublishedby the NationalInsti-
tute
#

of StandardsandTechnology.24 The
A

standarddeviation
of% thedifferencebetweenthemeasuredandpublishedwave-
lengthsfor the 32 lines was determinedto be 0.010 Å, or
about
 one part in 400000, demonstratingexcellent agree-
ment! betweenthe measuredandstandardwavelengths.

IV. APPLICATION

The
A

off-line testsshow that the new instrumentis ca-
pable� of wavelengthdeterminationswithin 2.5q 10r 6

/
. Even

better
*

accuracymay be obtainedwith a smallerentranceslit
and
 a detectorwith a higher spatial resolving power. For
spectroscopic� work on the Livermore electron beam ion
traps,
#

it has becomecustomaryto avoid additional optical
elements� andapertures,and to directly usethe sourceitself
as
 the ‘‘entranceslit’’ by placingthe narrowly confinedvol-
umeF in which the electronbeamexcitesions in the object
focus of a given spectroscopicsystem.11,13,25–29 This light
source� hasa lengthof about2 cm s viewinga is limited by slots
in
5

the trap drift tubes,cooling shroudsandviewportst and
 a
width� of about70 u m.! 30

v
Light
$

collectionis optimizedin this
way� , andwe employthis geometryalsofor thepresentspec-
trometer
#

. The sidewaysextent of the light sourceis wider
than
#

theslit width in the testwith thespectrallamp,andthis
will� reducethe spectralresolutionaccordingly.

As a first testof theoverall improvementtheTGSoffers
over% instrumentspreviouslyusedfor opticalmeasurementon
the
#

LLNL electronbeamion trapexperiment,observationsof
a
 well studied transition from highly charged Kr8,10,31–33w
near3841Å x were� madesimultaneouslywith theTGSanda

prism� spectrometer. The two spectro/meterseachrecorded
data
M

usingsimilar cryogenicallycooledCCD detectors.The
quantumy efficiencyof suchCCDsis about55%at thewave-
lengthsstudiedhere.A direct comparisonof the datataken

with� thetwo spectrometersz Fig. 4{ emphasizes� theincreased
spectral� resolutionas well as the improved collection effi-
ciency� . Thesedatashow that useof the TGS hasimproved
the
#

spectralresolution| FWHM} of% thestrongKr22
)(~

line by a
factor of nearly 7, while improving collection efficiencyby
more! thana factor of 3, an attributeto the increasedoptical
collection� solid angle.

The actual gain in spectralresolution is much higher
than
#

is indicatedby the Kr22� ion line in Fig. 4: the TGS
spectrum� � Fig.

6
5� contains� a fair numberof weakerlines of

notablyk smallerwidth. Theselines arisefrom low-charge Kr
ions.Their widths areconsistentwith the instrumentalreso-
lution in combinationwith the 70 � m width of the electron
beam.
*

The decaysobservedare prompt � typical
#

level life-
times
#

in the nanosecondrange� ,C and thereforethe emitters
cannot� movenotablyfrom their locationat the time of exci-
tation
#

by the electronbeam.By contrast,the prominentline
originates% from a slow magneticdipole transitionin Kr22� .
The upperlevel of this transitionhasa lifetime of almost7
ms,33

v
and
 during such a time span,a highly charged ion�

possibly� also more energetic after so many ionizing colli-
sions� with electrons� can� mapout a volumeexceedingthatof
the
#

electronbeam.Hencethe larger line width resultsfrom

FIG. 3. Spectrumobtainedfrom theaverageof thirty 10msexposuresusing
a Gd/Ne lamp for the source.66 lines were measuredof which 32 were
found in standardreferencetables.

FIG. 4. Si-like Kr22� ion line at 3841 Å as measuredwith � a� a prism
spectrometerand � b��� the

p
presentTGS.

FIG. 5. SameSi-like Kr22 � ion line at 3841 Å as observedwith the TGS
andshownin Fig. 4, but displayedwith a truncatedintensityscalein order
to
p

show the plenitudeof weakerlines nearby. Theseweak lines are much
narrower;their width representsthe instrumentalresolutioncombinedwith
the
p

width of theelectronbeam.Thedominantline is broadenedbecausethe
ion
�

cloud is muchwider thanthe electronbeam.
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the
#

fact that the volume of the ion cloud inside the trap is
much! largerthanthatof theelectronbeam.Thatpropertycan
serve� as an indicator of the emitter type when performing
line
�

identifications.33
v

The
A

sameweak lines that demonstratethe instrumental
resolutionin thespectrumshownin Fig. 5 providean in

�
situ

wavelength� reference.In fact, their appearancein thespectra
of% Ne, Ar, andKr canbe optimizedby avoiding the excita-
tion
#

of any lines from high-charge stateions of theseele-
ments.This is achievedby the ‘‘inverted trap’’ mode15 in
which� the electronbeamion trap drift tubevoltagesareset
so� that ionsarenot trapped,but expelledalongthemagnetic
field lines.Thenany observedlight canonly originatefrom
freshly
7

injectedatomsthat areexcitedor ionizedin a single
pass� through the electronbeam.Double ionization is pos-
sible,� but much lesslikely to takeplacebecauseof a much
smaller� crosssectionand the short time interval available,
and
 triple ionization is less likely again. It is thereforeno
surprise� that the spectrallines observedwith such settings
are
 mostly recognizedas originating from singly charged
ions.
5

Thewavelengthsof someof theselineshavebeenmea-
sured� to high accuracy.24,34

)
This makesfor a very convenient

methodof in
�

situ wavelength� calibrationfor the TGS.
The
A

new spectroscopiccapabilitiesthe TGS offers have
meanwhilebeenappliedto a numberof spectroscopicstud-
ies.Among theseare the 3s� 23

�
p� 6
/
3
�

d
� 4 J

���
2–3 transitionsin

the
#

Ti-like ion W52
,(�

35
v

and
 ameasurementof thegroundstate
hyperfine
"

transitionin the hydrogenlike� single-electron� � ion
5

Tl80� .18 In Fig. 6 the result of the former measurementis
compared� to data from other electronbeamion traps.The
superior� performanceof the presentspectrographis evident
in that the result is more preciseby a factor of 5 than the
measurementfrom Tokyo,36

v
and
 moreprecisethantheNIST

Gaithersbur
�

g databy a factor of 20.37
v

These
A

measurements
demonstrate
M

that theTGSis rapidly becomingtheinstrument
of% choicefor high-resolution,high-signal-to-noisemeasure-
ments! of optical lines at the Livermore electronbeamion
trap.
#
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